part of the Basin and Range is not producing features

Introduction
47
[2] The Basin and Range province of eastern California 48 ( Figure 1 ) is a prime natural laboratory for studying the 49 causes and consequences of large-magnitude intracontinen-50 tal deformation. The region was markedly deformed as the 51 Sierra Nevada block moved some 250 km west-northwest-52 ward away from the Colorado Plateau since 16 Ma [Wer-53 nicke and Snow, 1998 ]. This motion was predominantly 54 due west until 8 to 10 Ma, when there was a shift to a 55 NNW motion that has persisted to the present. Post-8 Ma 56 motion has proceeded at rates of 10 to 15 mm/yr. The 57 intervening Basin and Range ultimately developed into a 58 patchwork of relatively undeformed crustal blocks separa-59 ted by regions strongly deformed by extension, strike-slip 60 and shortening, with an overall east-west constrictional 61 strain field Mancktelow and Pavlis, 62 1994] . Quantitative reconstruction of the strain pattern 63 suggests that in regions of large-magnitude extension such 64 as Death Valley and environs, the upper 12 -15 km of the 65 crust have been almost completely removed [Snow and 66 Wernicke, 2000] . Active deformation as revealed by space-67 geodetic measurements is predominantly right-lateral sim-68 ple shear oriented N20°W, at about 9 mm/yr, somewhat 69 slower than the post-8 Ma average deformation rate [Ben-70 nett et al., 1999 [Ben-70 nett et al., , 2003 . 71 [3] The outstanding issues raised by this history include 72 the hypothesis that removal of the upper crust over large 73 areas in the Basin and Range was compensated by eastward 74 flow of deep crust from beneath the Sierra Nevada [e.g., 75 Wernicke, 1992] because the crustal thicknesses of unex-76 tended areas such as the Sierra Nevada and Inyo Mountains 77 are roughly the same as that of the highly extended Death 78 Valley region Fliedner et al., 1996; 79 Jones and Phinney, 1998 ]. Further, controversy remains as 80 to whether the strain pattern in the region results mainly 81 from right-lateral strike-slip faulting or crustal extension.
82 Some authors have suggested that the present-day pattern of 83 right-lateral shear is representative of the entire deforma-84 tional history of the region [e.g., Serpa and Pavlis, 1996] .
85 Others have suggested a transition occurred in late Miocene 86 time from a predominantly extensional strain field, with its 87 attendant lateral flow exposing metamorphic core com-88 plexes [e.g., Holm and Dokka, 1993; Hoisch and Simpson, 89 1993; Hoisch et al., 1997] , to the strike-slip one that 90 dominates today [e.g., Snow and Wernicke, 2000] . 124 that minerals are preferentially wetted by fluids while they 125 are actively deforming, but are not wetted once the defor-126 mation ceases [Watson and Lupulescu, 1993; Tullis et al., 127 1996] 192 [10] We constructed a geologic cross section along the 193 line of the MT transect (Figure 3a ; see Appendix A for 194 details). In general, the upper $5 km of the section are 195 constrained by published geologic mapping, taking advant-196 age of the fact that the miogeoclinal section is thick and 197 conformable, and so in some areas sedimentary units can be 198 extrapolated to significant depth with reasonable confi-199 dence. In addition to the geologic constraints, Figure 3a 200 shows downward projections to mid-crustal depths of the 201 three major active fault zones on the basis of the MT data, 202 as elaborated below. It also includes the position of the 203 Moho (M), a lower crustal positive velocity anomaly (LCP) 204 and a mid-crustal negative velocity anomaly (MCN) deter-205 mined from analysis of teleseismic data [Jones and Phinney, 206 1998; R. A. Phinney, oral communication, 2001] (CM, PTr) . Unit CM is a major aquifer in the 218 southern Great Basin region, and thus its geometry is an 219 important element in interpreting the shallow crustal con-220 ductivity structure [Winograd and Thordarson, 1968, 1975] . Figure 3a and [Schmucker, 1970] . These transfer functions 290 are often represented as induction vectors which show the 291 direction of the greatest correlation between the vertical and 292 horizontal magnetic fields. We normally plot the real 293 components of the induction vectors, which usually point 294 towards 2-D conductors [Schmucker, 1970] .
295 [16] Magnitudes and phases of each principal impedance 296 mode vary with period. The magnitude is converted to an 297 apparent resistivity that is equal to the true resistivity only 298 when the earth is homogeneous [Vozoff, 1991] . Otherwise, 299 the apparent resistivity is transformed to true resistivity 300 (which is the inverse of conductivity) through a process 301 called inversion. Because the MT fields are dissipative 302 waves in the earth, they attenuate with depth. The depth 303 of penetration depends nonlinearly on the conductivity of 304 the earth and the period of the fields. Longer periods 305 penetrate deeply and/or distantly, while shorter periods 306 decay more rapidly and penetrate only the shallower and/ 307 or closer structure. Because of the nonlinearity in the depth 308 of penetration, simple conversion from period to depth is 309 unreliable. Inversion is used to match simulated responses 310 from conductivity sections to the observed data (just as 311 migration is used to convert a seismic reflection time section 312 to a depth section). The inversion process involves sub-313 dividing the Earth into blocks of constant resistivity and 314 then solving for those resistivities [e.g., de Groot-Hedlin 315 and Constable, 1990; Smith and Booker, 1991; Rodi and 316 Mackie, 2001] . The MT inversion is fundamentally under-317 determined because the number of blocks is larger than the 318 number of apparent resistivities and phases; this can lead to 319 unnecessarily complex conductivity structure unless con-320 straints are added to smooth the model [e.g., de Groot-321 Hedlin and Constable, 1990] . These constraints eliminate 322 much, but not all, of the spurious structure and leave behind 323 more robust models. Testing the robustness of the remaining 324 features that have been deemed geologically important is a 325 routine component of interpretation; it may be possible to 326 find an alternate model that fits the data as well as does the 327 preferred model. Finding an alternate model usually consists 328 of constraining resistivities in the region to be tested and 329 then running the inversion again . 330 
Magnetotelluric Soundings
331
[17] The E-W MT profile consisting of 33 broadband 332 sites (black dots in Figure 1 ) and 7 long period sites (open 333 circles in Figure 1 ) spanned $200 km near latitude 36°20 0 N 334 between the axis of the High Sierra Nevada to east of Death 335 Valley. Note that this profile was part of a larger survey, the 336 western component of which is interpreted by Park et al. 337 [1996] . Two types of MT instrumentation were used in this 338 study because data for the broadband sites were generally 339 reliable for periods of 0.001 -200 s only, and the long 340 period instruments extended that range to 10,000 s. Details 341 of the data acquisition and processing of the composite data 342 set, on which the crustal section is based, are presented in 343 Appendix B. Only the MT impedances from the broadband 344 sites were used, while both the MT impedances and mag-345 netic transfer functions from the long period sites were 346 included in the modeling. 347 [18] The average N-S geoelectric strike derived from the 348 MT impedances is subparallel to the regional geologic 349 strike of N10W [Jennings, 1977] (Figure 4) . The Panamint 363 block shows up as a somewhat isolated resistive region 364 between sites 105-120 in the E-W apparent resistivity cross 365 section (PV in Figure 4) Only some of the data were used in the inversion. All 396 of the E-W principal impedances and the E-W magnetic 397 transfer functions (both real and imaginary components) 398 were included in the inversion. For our model, this is the 399 TM mode discussed above. The N-S principal impedances 400 at sites 101 -116 were excluded because of system problems 401 (see Appendix B for discussion). For our model, the N-S 402 mode is the TE mode discussed above. The N-S impedances 403 from the remaining sites were included, but given lesser 404 weights in the inversion because the TE mode is often 405 affected by truncation of structure along strike (in this case, 406 to the north or south of the profile) [Wannamaker et al., 407 1984; Wannamaker, 1999] . Specific to our profile, Mackie 408 et al. [1996] show that the N-S mode, but not the E- [Rodi and Mackie, 2001] . A data point with 415 a low variance is given a very large weight. Formal errors 416 from the time series analysis were often smaller than the 417 scatter of the impedance estimates between adjacent peri- Figure 4 . (opposite) Pseudosections of MT data and associated fits to data from final model. Each section is labeled with the type of data (apparent resistivity or phase) and it orientation (N-S or E-W). Color scales for apparent resistivities and phases are shared, but ranges are labeled differently for these quantities. Similarly, scales for difference pseudosections for apparent resistivity and phase are shared but ranges are different. Sections of data excluded from the inversion are shown with black areas in difference pseudosections. Note that most of the TE mode (i.e., the N-S mode) was not used in the inversion. The difference pseudosections reveal no systematic misfits. See color version of this figure at back of this issue.
418 ods. Error floors of 5% in N-S apparent resistivity and 0.05 419 radians (2.8°) in N-S phase were chosen based on this 420 scatter. Use of this error floor as a minimum error for all 421 points reduces the influence of data values with unrealisti-422 cally low error estimates. Error floors for 20% for N-S 423 apparent resistivity and 0.2 radians (11.2°) for the N-S 424 phase reflected larger scatter in these data and the lesser 425 weight given to these data. Finally, an error floor of 20% 426 was chosen for the magnetic transfer functions based on the 427 composite quality of the long period and the broadband data. 428 [24] After a series of trials to determine the optimal 429 balance between fitting the data and deviating from the a 430 priori model, the model resulting from over 250 iterations fit 431 the data with an overall RMS error of 2.06 (misfit about 432 twice the estimated errors in the data). Given the variable 433 quality of the contractor data, this is a reasonable level of 434 misfit. Comparison of the data to the fits predicted by the 435 model show that there are generally low differences 436 (Figure 4 ). Apparent resistivities and phases for the E-W 437 principal impedance are fit to within 8°for the phases and 438 20% for the apparent resistivities, but the misfits for the N-S 439 values are larger. This is expected because this mode is 440 affected by changes in structure along strike. The sparseness 441 of the points used for the N-S mode results from the poor 442 data quality discussed earlier (Figure 4 ; Appendix B). 443 [25] The resistivity model in this region shows a gener-444 ally resistive crust broken with 7 prominent conductive 445 zones (Figure 3b) . The model is truncated near seismic 446 Moho because the focus of this paper is on the crustal 447 structure. Zones 1, 3, and 5 extend to deep crustal levels and 448 correspond to active faults in the Owens, Panamint, and 449 Death Valleys (Figure 3b ). Zones 2, 4, 6, and 7 do not 450 extend into the deeper crust and do not correspond to 451 identified active structures. Because the MT method is most 452 sensitive to conductors, the absence of conductive material 453 beneath zones 2, 4, 6, and 7 implies that they are truncated 454 in the shallow crust. 455 [26] Because of the nonuniqueness in the inversion proc-456 ess, it is possible for artifacts to be introduced into the 457 resistivity section. Specific regions of the model in Figure  458 3b are tested for robustness following the procedures out-459 lined by Park et al. [1996] . The prominent conductor 460 dipping westward beneath Owens Valley (zone 1) is needed 461 to depths of at least 17 km bsl (below sea level). Resistiv-462 ities between 1 -100 ohm-m are required and the preferred 463 value is 10 ohm-m. Resistivity values as high as 1000 ohm-464 m beneath site 105 are permissible in the small region above 465 Moho (unnumbered box in Figure 3b ) as long as there are 466 average values of less than 100 ohm-m in the mantle from 467 depths of 30-70 km bsl [Park and Bielinski, 1999] . How-468 ever, this region also has anomalously low shear wave 469 velocity [Jones and Phinney, 1999] . 470 [27] The block of generally resistive upper crust between 471 sites 105 and 118, which includes the active Panamint 472 Valley fault zone (Figure 3b) , is disrupted by small-scale 473 but prominent conductors (zones 2, 3 and 4). Average 474 resistivities of less than 10 ohm-m are preferred in all three 475 zones. Of these three, only zone 3, which corresponds to the 476 active fault zone, appears to extend to depth, although it (Figure 3b) , 504 extending beneath the crystalline basement of the Black 505 Mountains (Figures 1 and 2) . While some conductive rocks 506 are needed in this region, an alternate model (inset in 507 Figure 3b ) fits the data as well as the preferred model. This 508 alternate model requires only 1.2 km of rock with resistiv-509 ities of 5 -10 ohm-m at depths of 2.0-3.2 km bsl. As will 510 be discussed later, this alternate model matches the geology 511 much better. 512 [30] Zones 6 and 7 were tested because they correlate 513 with known sections of carbonate aquifers. These were 514 shallow features, and we determined bounds on the mini-515 mum depth to which these features must extend. Average 516 resistivities of 10 ohm-m were found for both zones. The 517 base of zone 6 could be as shallow as 3 km bsl, and zone 7 518 could have a base at 2 km bsl. 
Discussion
520
[31] In comparing the geologic and resistivity sections 521 (Figure 5 ), the correspondence between the deeply pene-522 trating conductivity anomalies (zones 1, 3 and 5) and active 523 structures implies that the structures extend at least to mid-524 crustal depths. Zone 1 dips moderately to steeply westward, 525 suggesting that either the Owens Valley fault is not a steeply 526 dipping fault, as might be inferred from its steep surface 527 trace, or that it is truncated at depth by the west dipping 528 fault bounding the western side of the Coso Range. Which-529 ever of these possibilities may be correct, the geometry is 530 not consistent with the concept of a single steeply dipping 531 zone of simple shear controlling the tectonic pattern [e.g., 532 Savage et al., 1990] . In contrast, zones 3 and 5 appear to 533 extend nearly vertically through the crust, even though 534 structures at the surface along the line of section have a 535 substantial component of dip-slip displacement. Hence we 536 represent these two classic ''pull apart'' basins as negative 537 flower structures (Figure 3a) . Such a representation, which 538 implies strike-slip motion is predominant over dip-slip 539 motion, is independently indicated from geodetic measure-540 ments across the region, which are dominated by simple 541 shear [Bennett et al., 1999; Gan et al., 2000] . 542 [32] The extension of the conductor in zone 5 eastward 543 beneath sites 124 and 125 at depths of 2 to 6 km bsl poses an 544 apparent problem because these sites are underlain at shal-545 low depth by crystalline rocks of the Black Mountains 546 (Figure 3a) . Based on the geologic constraints, the top of 547 the crystalline basement lies at a depth of no more than about 548 2 to 3 km bsl, where it is overlain tectonically by late Tertiary 549 sediments of the Furnace Creek basin. Although this con-550 ductor in the preferred model falls mostly within crystalline 551 basement, the alternate model discussed above fits the data 552 equally well with a conductive zone restricted to depths of 553 2.0 to 3.2 km bsl ( Figure 3b) 
PARK AND WERNICKE: CONDUCTIVITY IMAGES OF FAULTS, BASIN AND RANGE
X -9 580 resistive rocks overlying deeper conductive ones ( Figure 5) . 581 Although the MCN beneath site 118 falls within the 582 resistive body in zone 4 ( Figure 5 ), sensitivity tests show 583 that the top of the conductor in zone 4 can be moved 584 upward to match the top of the MCN. The MCN beneath 585 site 25, however, does not correspond to such a transition, 586 but any subhorizontal structure here would presumably be 587 overprinted by the Owens Valley fault zone. Thus, of the 588 three sites where the MCN is imaged seismically, the two 589 eastern ones correspond to a downward transition to higher 590 conductivity, but there is no lateral continuity between these 591 transitions ( Figure 5 ). For example, beneath sites 117 and 592 121, these anomalies are interrupted by resistive bodies. At 593 the one area in which the top of the deep crustal flow 594 channel is exposed in the Black Mountains (near site 124), 595 the upper crust again requires a low resistivity layer (both 596 preferred and alternate models in Figure 3b ) but this layer is 597 more likely associated with a shallow sedimentary basin as 598 discussed in the previous paragraph. 599 [35] In sum, there is no evidence of laterally continuous, 600 subhorizontal layering in the resistivity section associated 601 with the shear zone ( Figure 5 ). Prominent vertical conduc-602 tivity anomalies dominate the section, and through-going 603 subhorizontal conductors that correspond to previously 604 proposed zones of deep crustal flow are absent. This 605 observation accords with the interpretation that extensional 606 deformation in the region, including the rise of deep crustal 607 rocks in metamorphic core complexes, occurred in the 608 Miocene [e.g., Holm and Dokka, 1993; Snow and Wernicke, 609 2000] , and contrasts with the present-day regime which is 610 dominated by strike-slip motion. 611 [36] The lack of correspondence of zones 2, 4, 6, and 7 612 with active structures, magmatic centers, or thick basin fill, 613 is enigmatic. In the absence of magma, basin brines, or 614 fault-controlled fluid circulation, upper crustal anomalies of 615 this magnitude are rarely observed. Where observed in 616 tectonically stable regions, they are most commonly asso-617 ciated with graphitic films [e.g., Mareschal et al., 1995] . 618 The only likely occurrence of graphite in upper crustal rocks 619 of the region would be in upper Precambrian schists such as 620 those exposed in the Panamint Range. Detailed petrology of 621 these units indicates that while present in some calcic 622 schists, graphite is not common in these metamorphic rocks 623 [e.g., Labotka, 1981] [37] Another possible explanation is that the anomalies 631 represent aquifers. The hydrological system in the region 632 has generally been characterized by an arrangement of 633 aquitards and aquifers defined by the structural disposition 634 of clastic and carbonate strata, respectively, of the Cordil-635 leran miogeocline [Winograd and Thordarson, 1968, 1975] . 636 In particular, at the eastern end of the MT profile, a major 637 south directed interbasinal flow system moves through the 638 carbonate section, and includes the Ash Meadows and 639 Furnace Creek regional discharge zones [Winograd, 640 1971] . The very high conductivities of zones 6 and 7, 641 which are just south of Ash Meadows in the southern 642 Amargosa Desert (Figure 2) 
671 where j is fractional porosity and n ranges between 1 -3 673 [e.g., Archie, 1942] . The exponent (n) accounts for the 674 tortuosity of the current path in the rock. Only a porosity 675 of 100% (i.e., no rock present) can satisfy both a preferred 676 average resistivity of 10 ohm-m and an average fluid 677 resistivity of 10 ohm-m and is therefore unrealistic. 678 [40] The carbonate aquifers are characterized by low 679 primary porosity in the matrix, but macroscopic secondary 680 porosity due to fracturing as well as dissolution and dolo-681 mitization. This secondary porosity contributes to the high 682 permeability (up to 4.4 darcies) and therefore intercon-683 nected porosity of the carbonate aquifers [Winograd and 684 Thordarson, 1975] . Permeabilities in the aquifers are up to 685 900,000 times larger than those for the aquitards. While 686 interconnected porosity has not been measured in these 687 carbonates, a study of similar Paleozoic carbonates in the 688 Upper Knox group in the Appalachian region has revealed 689 considerable hydrologic heterogeneity and porosities rang-690 ing up to 7.8% [Montanez, 1997] Figure 2 , sequentially from 778 east to west. The section was drawn at 1:250,000 using 779 California State Map 2°sheets in California, and a reduced 780 version of the 1:62,500 map of Burchfiel et al. [1982] in 781 Nevada, with interpretations based on more detailed maps 782 ranging from 1:24000 to 1:62500. The section is not ''bal-783 anced,'' because significant motion normal to the plane of 784 the section has occurred along many of the faults. Burchfiel et al. [1982] and Schweickert and Lahren [1997] .
798 Vertical offset of 1.5 km is arbitrary. Brogan et al. [1991] . The depth of Tertiary mylonite is 821 based on projecting 15°N plunge of Badwater ''turtleback'' 822 antiform onto the section [Miller, 1991] Burchfiel et al. [1987] . They favored 847 downward projection as a very shallow subsurface detach-848 ment within a few 100 m of the present valley bottom, 849 based on geophysical and shallow borehole data. These data 850 showed that upper Miocene/Pliocene basalts present in 851 surrounding highlands are not found in the shallow subsur- Figure A1 . Apparent resistivities and phases for site 101 showing offset in these values at the break between high and low recording bands. With an impedance strike of 0°, the xy mode (circles) is oriented N-S and the yx mode (crosses) is E-W. Error bars for data points are shown as vertical lines. Note the offset in both amplitude and phase at a period of $10 s in the xy mode (in boxes). This offset was most noticeable at site 101 but was present at all sites in the same recording segment (101-115). Figure A2 . Comparison of broadband and long period data at site 105. xy mode (circles) and yx mode (crosses) are oriented the same as in Figure A1 . Grey points are from the broadband instrument and black ones are from the long period one. Note steep decrease in apparent resistivity by $0.8 decade (in box) and attendant phase associated with shift at recording band boundary.
852 face of the basin, which is filled with only a few hundred 853 meters of sediment before Paleozoic is encountered, and so 854 they reasoned that the basalts were tectonically denuded 855 from their Paleozoic substrate along a shallow detachment. 856 We show the basalts projecting to depth and interfingering 857 with a thick section of upper Miocene/Pliocene strata 858 dominated by landslide debris, such as that exposed just 859 north of the line of section at Lake Hill. We show the active 860 fault trace steepening downward into a negative flower 861 structure, and the Tertiary/pre-Tertiary contact at significant 862 depth beneath the valley. 863 [53] The geology of the Darwin Plateau area is based 864 mainly on 1:48000 map of Hall and MacKevett [1962] and 865 on 1:31250 sections G -G 0 , H-H 0 and I -I 0 of Stone et al. 866 [1989] . Position of the lower part of the miogeosynclinal 867 section extrapolated using stratigraphic thicknesses of Burch-868 fiel et al. [1982] , which although far to the east appear to be in 869 about the same position within the miogeosynclinal wedge. 870 [54] The west dipping fault along east margin of Owens 871 Valley is based on the interpretation of a piedmont scarp 872 (discussed in text) by Streitz and Stinson [1974] unusable. An additional problem was that the N-S impe-897 dance estimate (xy) at sites 101-115 had offsets in both 898 apparent resistivity and phase at the boundary between two 899 recording bands ( Figure A1) [Chave et al., 1987] . When the long 915 period impedances are compared to the broadband ones, 916 the former are clearly smoother and less noisy at periods 917 longer than 100 s ( Figure A2) . 918 [58] The crustal section presented here is derived from a 919 composite data set formed from merging the broadband and 920 long period impedances and magnetic transfer functions. 921 The goal of the merger was to produce smooth transfer 922 functions across the transition between the two data sets.
923 Because the long period sites were acquired 4 years after the 924 broadband ones, relocating the exact sites (including elec-925 trode and coil holes) was impossible. Instead, we installed 926 the long period sites at the latitudes and longitudes given for 927 the broadband sites. Small positional uncertainties lead to 928 slight offsets in the apparent resistivities ( Figure A2 ). We Figure A1 . Data from uncorrected tensors are shown in black and in gray for the distortion-corrected tensors. Note how the anisotropy at short periods (i.e., the separation between the xy and yx apparent resistivities) is reduced by removal of the distortion. (Table A1 ; twist and shear equal to 0 means no 966 distortion). Because the Groom-Bailey distortion is caused 967 presumably by a shallow heterogeneity, distortion parame-968 ters were calculated only from the broadband data. All 969 periods were used at most sites, but only the shorter periods 970 (<10 s) were used at sites 101-115. These data are from one 971 recording band, so the offset (Figure 1) should not have 972 affected the distortion analysis. A few sites were improved 973 significantly; the high frequency anisotropy in apparent 974 resistivities at site 112 was reduced by 80% ( Figure A6) . 975 Note that the Groom-Bailey distortion analysis cannot 976 remove a residual anisotropy (the ''static shift''); these static 977 shifts were calculated for the broadband data using the 978 criteria in Table A2 . They were then applied to the observed 979 data prior to inversion. 980 [61] In the final step, we compared the principal modes of 981 the 2-D regional impedance tensor from the long period and 982 broadband data in order to estimate the shift parameters 983 needed to align the apparent resistivities. These multiplicative 984 shifts were generally close to 1, and the largest was almost 5 985 (Table A3 ). The apparent resistivities and phases modeled in 986 Figure A4 are a splice between the long period data and the 987 broadband data, with boundaries between the data sets at 20-988 100s depending on site. Given the poor quality of the broad-989 band data at longer periods, we concluded that splicing was 990 superior to merging overlapping segments of data. Figure 4. (opposite) Pseudosections of MT data and associated fits to data from final model. Each section is labeled with the type of data (apparent resistivity or phase) and it orientation (N-S or E-W). Color scales for apparent resistivities and phases are shared, but ranges are labeled differently for these quantities. Similarly, scales for difference pseudosections for apparent resistivity and phase are shared but ranges are different. Sections of data excluded from the inversion are shown with black areas in difference pseudosections. Note that most of the TE mode (i.e., the N-S mode) was not used in the inversion. The difference pseudosections reveal no systematic misfits. 
